Small-molecule hepatitis C virus (HCV) NS3 protease inhibitors such as boceprevir (SCH 503034) have been shown to have antiviral activity when they are used as monotherapy and in combination with pegylated alpha interferon and ribavirin in clinical trials. Improvements in inhibitor potency and pharmacokinetic properties offer opportunities to increase drug exposure and to further increase the sustained virological response. Exploration of the structure-activity relationships of ketoamide inhibitors related to boceprevir has led to the discovery of SCH 900518, a novel ketoamide protease inhibitor which forms a reversible covalent bond with the active-site serine. It has an overall inhibition constant (K i * ) of 7 nM and a dissociation half-life of 1 to 2 h. SCH 900518 inhibited replicon RNA at a 90% effective concentration (EC 90 ) of 40 nM. In biochemical assays, SCH 900518 was active against proteases of genotypes 1 to 3. A 2-week treatment with 5؋ EC 90 of the inhibitor reduced the replicon RNA level by 3 log units. Selection of replicon cells with SCH 900518 resulted in the outgrowth of several resistant mutants (with the T54A/S and A156S/T/V mutations). Cross-resistance studies demonstrated that the majority of mutations for resistance to boceprevir and telaprevir caused similar fold losses of activity against all three inhibitors; however, SCH 900518 retained more activity against these mutants due to its higher intrinsic potency. Combination treatment with alpha interferon enhanced the inhibition of replicon RNA and suppressed the emergence of resistant replicon colonies, supporting the use of SCH 900518-pegylated alpha interferon combination therapy in the clinic. In summary, the results of the preclinical characterization of the antiviral activity of SCH 900518 support its evaluation in clinical studies.
Hepatitis C virus (HCV) is a major cause of chronic hepatitis worldwide. Despite recent advances, the eradication of chronic HCV infection remains challenging. Approximately 50% of patients infected with the most prevalent form of the virus (genotype 1) fail to respond to treatment with the current standard of care of pegylated alpha interferon in combination with ribavirin (4, 13) . Thus, there is a great unmet medical need for the development of new agents with activity against HCV to improve the sustained virological response (SVR). The HCV genome is translated as a single polyprotein precursor which is processed by cellular and viral proteases into structural proteins (the C, E1, and E2 proteins), followed by nonstructural (NS) proteins (the p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B proteins). The NS3 protein is multifunctional, with the N-terminal region (amino acids 1 to 181) encoding a serine protease and the remaining polypeptide encoding a helicase. The NS3 protease noncovalently binds to the cofactor NS4A, which contributes to the formation and stability of the active site and helps to anchor the NS3/NS4A complex to the membrane. The NS3 protease is responsible for the processing of the HCV polyprotein at the NS3-NS4A, NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B junctions (for a review, see reference 19) .
The NS3 protease is essential for viral replication (6) and represents an important target for antiviral therapy. The clinical efficacies of NS3 protease inhibitors were first demonstrated with compounds targeting the enzyme active site in monotherapy and in combination with pegylated interferon: BILN 2061, a macrocyclic tripeptide in a short monotherapy trial (8) , and boceprevir (SCH 503034) and telaprevir (VX-950), both of which are ketoamide derivatives (21, 22, 27, 28) . Mutations conferring resistance to these small-molecule inhibitors have been identified in the NS3 protease domain by selection of replicon cells in the presence of compounds; many of the mutations selected in vitro have also been detected in patients during clinical trials of boceprevir and telaprevir (9, 11, 21, 25, 27, 28) . Although encouraging clinical results have been achieved with these first-generation protease inhibitors, additional improvements in inhibitor potency and pharmacokinetic properties offers opportunities to increase drug coverage and to further increase the SVR.
The combination of medicinal chemistry and structurebased design has led to the synthesis of a new compound, SCH 900518 (narlaprevir; Fig. 1 ) (1), with improved antiviral activity in the replicon system compared with the activities of boceprevir (12) and telaprevir (16, 17) . The characterization of its inhibition mechanism and in vitro resistance profile is presented in this report.
MATERIALS AND METHODS
Continuous spectrophotometric assay. Recombinant single-chain HCV NS3 and NS4A proteases from genotypes 1 to 3 were prepared as described previously (2, 23, 26) . HCV protease assays were performed by use of a 200-l reaction mixture, as described previously (29) . Typically, 100 l protease was added to 100 l of assay buffer containing the chromogenic substrate acetyl-DTEDVVP(norvaline)-O-4-phenylazophenol. The change in the absorbance was monitored over 60 min with a Spectromax Plus microtiter plate reader (Molecular Devices).
Progress curve analysis. Curves of the time-dependent progress of product formation in the presence of various concentrations of inhibitor were first fit to the modified Morrison equation (equation 1) (14) to obtain the initial velocity (v i ), the steady-state velocity (v s ), and the constant for the apparent rate of reaching the steady state (k obs ). No-inhibitor controls yielded the uninhibited initial velocity (v o ). The parameters obtained were fit to a two-step, postbinding slow isomerization model, according to the following procedure.
A plot of v i /v o versus the inhibitor concentration was fit to equation 2 to derive the apparent inhibition constant K i app for the initial, fast binding step. Similarly, a plot of v s /v o versus the inhibitor concentration was fit to equation 3 to derive the overall apparent inhibition constant K i *app for the subsequent slow isomerization step. Finally, a plot of k obs versus the inhibitor concentration was fit to equation 4 to derive the two isomerization rate constants k 3 (from EI [initial enzymeinhibitor complex] to EI* [final enzyme-inhibitor complex], where E represents the enzyme and I represents the inhibitor) and k 4 (from EI* to EI) while fixing or floating K i app . The K i app and K i *app values are converted into K i and K i * values by using equations 5a and 5b, respectively, with input of the substrate concentration and its predetermined Michaelis-Menten constant (K m ). The inhibition constant, K i * , was used as a measure of inhibitor potency and should be distinguished from the term K i , which is used for rapid-binding noncovalent competitive inhibitors.
To calculate k off , the overall rate constant of dissociation of the enzymeinhibitor complex, we first estimated the magnitude of k 2 (the rate of dissociation of EI to E and I) from K i and reasonable ranges of k 1 (10 5 to 10 8 M Ϫ1 s
Ϫ1
, the rate of association of E and I to form EI) using equation 6. The resultant estimate, necessarily an upper estimate for k off , is calculated with equation 7. The lower limit of the half-life of dissociation (t 1/2 ) is calculated by using equation 8.
The two-step, postbinding slow isomerization model is E ϩ I 7 EI 7 EI*.
where t is time, [I] is the inhibitor concentration, and [S] is the substrate concentration. Replicon assay. Replicon (genotype 1b) construction was performed as described previously (12, 25) . To measure antireplicon activity, replicon cells were seeded in 96-well collagen I-coated plates, SCH 900518 was added at 24 h postseeding, and the plates were incubated for 3 days, at which point the cells were lysed and the replicon RNA level was measured by real-time PCR. The 50% effective concentration (EC 50 ) was the drug concentration necessary to achieve an increase in the cycle threshold (C T ) of 1 over the projected baseline C T . The EC 90 was the drug concentration necessary to achieve an increase in C T of 3.2 over the projected baseline C T .
For combination treatment with alpha interferon, replicon cells were treated for 3 days with SCH 900518, which was serially diluted 1:2.5 for a 5-point titration. At each concentration of SCH 900518, alpha interferon was titrated in. The replicon RNA level was measured by real-time PCR (TaqMan assay) with GAPDH RNA as an endogenous control. Relative replicon RNA inhibition (dC T ) was calculated as follows:
Combination index (CI) values were calculated as described previously (3) Replicon resistance studies. To select replicon cells resistant to SCH 900518, subconfluent monolayers of genotype 1b replicon cells and parental line Huh-7 were cultured with various concentrations of the compound (in the resistance study, the EC 90 of SCH 900518 was 65 nM) with or without alpha interferon. All cells were passed at a 1:10 ratio when they reached 95% confluence. The colonies that survived selection were pooled and expanded for further analysis.
To identify mutations in the NS3 protease domain which conferred resistance to SCH 900518, total cellular RNA was isolated from pooled colonies and amplified by reverse transcription-PCR (RT-PCR), as described previously (25) . The RT-PCR products were purified with a QIAquick PCR purification kit (Qiagen) and sequenced with 3130xl genetic analyzer (Applied Biosystems). Alternatively, the RT-PCR products were cloned into the TOPO TA vector (Invitrogen), and the plasmid DNA from five to six bacterial colonies was sequenced.
X-ray structural analysis. The crystal structure of SCH 900518 complexed with the NS3-NS4A protease was solved in-house (1) . To illustrate the key resistance-conferring loci, the structure of SCH 900518 is presented as a stick model, and the side chains of residues are shown by using CPK models on the Connolly surface of the NS3 protease.
Protein structure accession number. The crystal structure of SCH 900518 complexed with the NS3-NS4A protease solved in-house can be found in PDB under code 3LON.
RESULTS

Inhibition of HCV NS3 protease in vitro.
Exploration of the structure-activity relationships of ketoamide inhibitors related to boceprevir has resulted in the development of the novel ketoamide SCH 900518 (Fig. 1) . X-ray structural analysis has shown that SCH 900518 forms a covalent bond with the activesite Ser139 (1). In the continuous assay, the time required for stable covalent adduct formation is typified by a slow onset of ) of SCH 900518 for genotype 1b NS3 protease to be 7 Ϯ 1 nM (n ϭ 12 experiments). SCH 900518 was estimated to dissociate from the enzymeinhibitor complex with a lower limit of the half-life of 1 to 2 h (for details, see Materials and Methods). SCH 900518 was also active against proteases from genotypes 1a, 2a, and 3a (K i * s, 0.7 nM, 3 nM, and 7 nM, respectively).
Replicon activity. The antiviral activity of SCH 900518 was evaluated in the genotype 1b HCV replicon system. The EC 50 and EC 90 values for SCH 900518 were 20 Ϯ 6 nM (n ϭ 49 experiments) and 40 Ϯ 10 nM (n ϭ 63 experiments), respectively, in a 72-h assay (Fig. 2B) . Prolonged exposure to 1.2ϫ EC 90 SCH 900518 resulted in a 2-log-unit decrease in RNA levels by day 14 (Fig. 3) . Dosing with 5ϫ EC 90 resulted in a 3-log-unit decrease in RNA levels by day 14. No cytotoxicity was observed with SCH 900518 in replicon cells by the MTS assay (50% cytotoxic concentration Ͼ 25 M).
Combination studies with interferon alfa-2b. When interferon alfa-2b was coadministered with SCH 900518, there was a concentration-dependent, enhanced inhibition of replicon RNA compared to that achieved with treatment with SCH 900518 alone (Fig. 4A) . The activity of the combination of alpha interferon and SCH 900518 was shown to be at least additive. The CIs at 50%, 75%, and 90% inhibition levels (Ϯ standard deviations [SDs] from two to four experiments) were calculated to be 0.3 Ϯ 0.1, 0.6 Ϯ 0.2, and 0.6 Ϯ 0.1, respectively. Importantly, the use of SCH 900518 in combination with interferon alfa-2b also suppressed the emergence of resistant replicon colonies (Fig. 4B) . Culturing of repliconbearing cells in the presence of 3ϫ EC 90 SCH 900518 for 3 weeks resulted in the emergence of resistant colonies at a level of approximately 0.13%. Increases in the concentration of SCH 900518 to 6ϫ EC 90 and 15ϫ EC 90 reduced the number of resistant colonies that emerged by about 14-and 65-fold, respectively. The emergence of resistant colonies was reduced about 10-fold when 3ϫ EC 90 SCH 900518 was used with interferon alfa-2b (30 IU/ml, which is ϳ10ϫ EC 90 ) compared to the rate of emergence of resistant colonies when SCH 900518 was used alone. This suggests that SCH 900518 could be used in combination with interferon-based therapy to minimize the emergence of resistant mutants.
Characterization of resistant cells. Sequence analysis of replicon clones recovered from the SCH 900518 selection identified mutations at two different loci (amino acids 54 and 156) in the protease domain (Table 1 ). After selection with 6ϫ EC 90 of SCH 900518, T54A/S mutations, which conferred an approximately 10-fold increase in the EC 90 values, were the predominant changes observed in resistant replicon cells. Increasing the selection concentration to 15ϫ EC 90 led to the emergence and outgrowth of mutations at the A156 locus, which conferred higher levels of resistance to the compound. A double mutation (T54A and A156T) was observed in one clone at the higher selecting concentration. Replicon cells carrying the double mutation were resistant to SCH 900518 even when it was used at 40 M. The locations of T54 and A156 and the structure of SCH 900518 complexed with the NS3-NS4A protease (Table 2) . Further studies showed that SCH 900518 was cross-resistant to mutations against boceprevir (24) in enzymatic and replicon assays ( Table 3 ). The potency of SCH 900518 was moderately reduced (approximately 10-fold or less) by the following resistance mutations: V36M/A, F43C, T54A/S, and V170A. SCH 900518 lost significantly more activity against mutations at locus 155 (R155K; 15-fold by the replicon assay) and locus 156 (A156S/T; 70-to Ͼ1,000-fold by the replicon assay). As previously shown with boceprevir, A156T conferred the highest level of resistance to SCH 900518. The fold increase in resistance for mutants with double mutations was approximately equal to the product of the individual mutations (i.e., the increase was multiplicative rather than additive). However, SCH 900518 remained fully active against mutants with the D168V mutation, which confers resistance to BILN 2061, a nonketoamide NS3 protease inhibitor (11) .
DISCUSSION
SCH 900518 is a potent, novel serine protease inhibitor designed to inhibit HCV NS3 protease and, therefore, inhibit viral replication in infected host cells. Structural and kinetic analyses have shown that the mechanism of inhibition involves the covalent yet reversible binding of SCH 900518 to the NS3 protease active-site serine (Ser139) through a ketoamide functional group (1; this study). SCH 900518 inhibits the NS3 protease in two steps. In the first step, it binds to the enzyme noncovalently. In the second, slower step, the ␣-ketoamide group is rearranged to form a covalent bond with the activesite Ser139. The overall inhibition constant K i * , derived from the velocity at steady state, is used to measure the potency of slow-binding inhibitors such as SCH 900518, boceprevir, and telaprevir and is distinguished from the term K i used for rapidbinding noncovalent competitive inhibitors such as BILN 2061. The covalent enzyme-inhibitor complex is usually very stable. Progress curve analysis showed that SCH 900518 dissociates from the stable complex with a half-life of 1 to 2 h, which is similar to that of telaprevir (1 to Ͼ5 h) (16) (17) (18) and slightly shorter than that of boceprevir (10 to 20 h) (12) but significantly longer than that previously reported for BILN 2061 (on the order of minutes) (8, 18) . Estimates of the value of the dissociation constant can vary by the different types of assays FIG. 5 . Structural view of resistance loci of SCH 900518 identified from replicon studies. The structure of SCH 900518 is presented as a stick model. Side chains of key residues are shown by using CPK models on the Connolly surface of the NS3 protease. The colors of the residues are defined as follows: red, active-site Ser139; magenta, Ala156; yellow, Thr54. on June 27, 2017 by guest http://aac.asm.org/ used to measure the stability of enzyme-inhibitor complexes (e.g., progress curve analysis, reactivation assay, and affinity binding assay). Assay conditions such as the enzyme and substrate sequences can also affect measurements of kinetics. Nevertheless, our results are consistent with the slow dissociation kinetics of ketoamide inhibitors, and this mechanism of an increased residence time may be responsible, at least in part, for the observed potent antiviral activities of ketoamide inhibitors. Alignment of the sequences of over 250 isolates of HCV encompassing all genotypes suggested that the proximal subsite residues of the protease are completely conserved (2) . Consistent with the prediction based on sequence conservation, SCH 900518 is equally active against proteases from genotype 1b, 2a, and 3a isolates but is 5-to 10-fold more active against the genotype 1a protease in the enzymatic assay. Two other ketoamide inhibitors, boceprevir and telaprevir, have also demonstrated activity against a broad spectrum of genotypes (10, 16, 26) , although differences in relative activity across genotypes have been observed in different assay systems. Studies with proteases from multiple isolates of each genotype are required to fully assess variations across genotypes. In the replicon assay, the EC 50 and EC 90 values for SCH 900518 were 20 nM and 40 nM, respectively, which makes it approximately 10-fold more potent than boceprevir and telaprevir, the two ketoamide inhibitors currently in late-stage clinical development. Extended treatment with SCH 900518 demonstrated inhibition of replicon RNA in concentration-and time-dependent manners, which resulted in up to a 3-log-unit reduction in the replicon RNA level without a rebound. When interferon alfa-2b was coadministered with SCH 900518, there was a concentration-dependent enhanced inhibition of replicon RNA. Calculation of the combination index indicated no antagonism between the two agents (CI Ͻ 1). It has recently been recommended that a more conservative criterion be used to report drug-drug interactions (15) . Using this more stringent cutoff, there is modest synergy between alpha interferon and SCH 900518 at low concentration (CI 50 Ͻ 0.5 ); at higher concentrations, the two agents appear to be additive (CI 75 and CI 90 Ͼ 0.5 to 4). Importantly, the emergence of resistant mutants was significantly reduced when SCH 900518 was used in combination with interferon alfa-2b. The enhanced inhibition of replicon RNA and the suppressed emergence of resistant colonies suggest the potential for the clinical use of SCH 900518 in combination with pegylated alpha interferon therapy.
In replicon cells selected with SCH 900518, mutations at amino acids 54 and 156 in the protease domain were observed, and both of these have been identified in resistance studies with boceprevir (25) . An increase in the selection concentration reduced the number of resistant colonies and resulted in a shift in the predominant mutations toward those conferring higher levels of resistance (from T54A/S at 6ϫ EC 90 to A156S/ T/V at 15ϫ EC 90 ). Replicons carrying the A156T mutation were significantly less fit than replicons carrying other resistance mutations (25) , consistent with the observed reduction in the resistance frequency at higher selection concentrations. Of note, replicon cells resistant to SCH 900518 remained sensitive to interferon alfa-2b. X-ray structural analysis (1) showed that the A156 side chain is in van der Waals contact with the P2 and P4 side chains of SCH 900518. Mutation of A156 to bulkier residues (Ser/Thr/Val) causes stereo hindrance in the region. To avoid crowding, the P2 and P4 backbone would shift away from T156, resulting in weaker hydrogen-bonding interactions, as previously observed with boceprevir (5). Although T54 is not in direct contact with the inhibitor, it is important in keeping F43 (which is part of the S1Ј substrate-binding pocket) in its proper conformation through hydrogen bonding with L44, as proposed by Zhou et al. (30) . A reduced interaction or the loss of such an interaction would increase the flexibility of F43 and weaken the SCH 900518 binding. Consistent with the hypothesis, change of F43 to C43 resulted in an 8-fold loss in binding affinity (Table 3) .
Further characterization of the SCH 900518 resistance profile showed that SCH 900518 was cross-resistant to mutations conferring resistance to boceprevir and telaprevir. A majority of mutations (e.g., V36M/A, F43C, T54A/S, and V170A) caused similar fold losses of activity against all three inhibitors (Table 3) (24) . However, SCH 900518 was more potent against these mutants due to its high intrinsic level of potency. The exceptions are mutations at R155 and A156, which appeared to affect the activity of SCH 900518 more than that of boceprevir. The clinical implications of the differences in the in vitro resistance profiles of boceprevir and SCH 900518 remain to be determined.
Evaluations of HCV NS3 protease inhibitors have shown encouraging results in improving SVR rate, validating the NS3 (20) .
With its more potent in vitro antiviral activity as well as improved pharmacokinetic profile and physicochemical characteristics (1), SCH 900518 has the potential to provide HCVinfected patients with another treatment option in the future.
